Gene expression microarrays are a high-throughput, cost-effective method for measuring the expression of all genes in a sample. By comparing the expression patterns of healthy controls to diseased subjects, the genetic regulatory pathways underlying and affected by the disease can be elucidated. Furthermore, dysregulated genes are possible candidates for pharmaceutical therapy. Here, we consider the possibility of applying this approach to Tourette syndrome. We also review current theories of Tourette syndrome etiology and pharmacology.
INTRODUCTION

Tourette syndrome (TS) is a neurodevelopmental disorder defined by the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (DSM IV-TR)
1 as: (a) multiple motor and one or more vocal tics; (b) tics that occur daily or intermittently but must be present for at least one year; and (c) onset before age 18. The severity and frequency of tics wax and wane, tend to peak in adolescence, and often improve by the end of adolescence or early adulthood. [2] [3] [4] Despite decades of research, the cause of TS remains unknown. 5 Many studies have shown that it is familial. 6 -10 However, a twin study found only a 53% concordance rate in monozygotic twins and an 8% concordance rate in dizygotic twins, showing that TS is not entirely genetically determined. 11 As such, multi-factorial models have proposed that TS is a complex genetic disease resulting from a combination of an unknown number of genetic predisposition(s) and environmental trigger(s). 8 Several genes have been associated with TS, including SLITRK1, CNTNAP2 and COMT.
12-14 SLITRK1 and CNTNAP2 are both integral membrane proteins; SLITRK1 regulates neurite outgrowth, 15 and CNTNAP2 colocalizes with potassium channels in myelinated axons. 16 COMT is involved in catecholamine metabolism. Interestingly, CNTNAP2 has been associated with autism. [17] [18] [19] However, associations between these genes and TS have been restricted to particular populations and subsequent studies have failed to replicate them. 20 -27 Genes that are associated with TS in a substantial population have yet to be identified. 28 As for environmental factors, there is evidence for an association between TS and group A ␤-hemolytic streptococcal (GABHS) infections. A study of 41 children with TS and 39 controls found a significant increase in serum antibodies against human putamen following streptococcal infection in TS compared to controls. 29 The idea that streptococcal infection triggers an autoimmune reaction, leading to the manifestation of tic disorders and OCD, is known as pediatric autoimmune neuropsychiatric disorders associated with streptococcal infections (PANDAS). 30 However, this is still controversial in TS. 31 Finally, the observation that tics are exacerbated during increased psychosocial stress has led to the proposal that TS arises, in part, from increased reactivity of the hypothalamic-pituitary-adrenal (HPA) axis. 32 TS is often comorbid with obsessive-compulsive disorder (OCD) and attention deficit hyperactivity disorder (ADHD). 33 There may also be a connection between tic disorders and autism spectrum disorders (ASD); a clinical survey of 105 children and adolescents with ASD found that 22 percent of them also exhibited motor tics or TS. 34 However, the mechanisms linking TS to other neurodevelopmental disorders remain unknown.
Anatomical and functional studies have implicated the basal ganglia in TS. A MRI study found significantly smaller caudate nucleus volumes in TS compared to controls. 35 In addition, a fMRI study found changes in basal ganglia and thalamic activity during periods of tic suppression. 36 Another fMRI study found that tic severity was correlated with enhanced activation of several regions in the direct pathway through the basal ganglia in unmedicated subjects performing a cognitive control task. 37 However, the causes of basal ganglia pathology in tics and TS remain unknown.
PHARMACOLOGY
TS is often treated with medications that reduce or alleviate tics. The majority of these medications fall into two categories: atypical antipsychotics and ␣-2-adrenergic agonists. 38 Atypical antipsychotics include risperidone, clozapine, olanzapine aripiprazole, quetiapine, and ziprasidone. These medications act in part by blocking D2 dopamine receptors in the dopaminergic nigrostriatal pathway of the basal ganglia. Based on current understanding of basal ganglia connectivity, this would increase the activity of the indirect pathway through the basal ganglia, inhibiting unwanted movements. 37 However, because atypical antipsychotics also act on D4 dopamine receptors and 5-HT2A serotonin receptors, their exact mechanism of action is a source of debate.
The ␣-2-adrenergic agonists, such as clonidine and guanfacine, are also used to treat tics, especially in cases of comorbid ADHD. Their effectiveness is similar to that of atypical antipsychotics. 39 Although the mechanism by which ␣-2a-adrenergic agonists relieve tics is unclear, stimulation of ␣-2a-adrenergic receptors (ADRA2A) inhibits epinephrine release. 40 The role of norepinephrine in TS circuits is unclear, though NE levels in cerebrospinal fluid (CSF) have been found to be 55% higher in un-medicated TS subjects compared to normal controls. 41 The prevailing theory of TS etiology postulates an imbalance between the direct (excitatory) and indirect (inhibitory) pathways through the basal ganglia, wherein the direct pathway is overactive, the indirect pathway is less active, or both. Dopamine-releasing neurons in the substantia nigra pars compacta (SNc) excite striatal neurons with D1 dopamine receptors in the direct pathway, but inhibit striatal neurons with D2 dopamine receptors in the indirect pathway. Thus, activation of D2 dopamine receptors in the striatum should lead to tics due to increased inhibition of the indirect pathway, while blockage of D2 dopamine receptors in the striatum should alleviate tics by disinhibiting the indirect pathway. As such, typical and atypical antipsychotics relieve tics by specifically blocking D2 dopamine receptors. This has been shown to increase D2 dopamine receptor mRNA. 42 
GENE EXPRESSION MICROARRAYS
Gene expression microarrays allow investigators to measure the amount of messenger RNA for all genes present in a sample. Microarrays consist of a substrate such as glass, with tens of thousands of spots. Bound to each spot are copies of a short nucleotide sequence (for Affymetrix GeneChip microarrays, 25 base pairs long). These probe sequences, which are different for each spot, are chosen to be identical to certain segments of mRNA. Groups of probes, all recognizing different parts of the same mRNA, are called probesets.
After the total mRNA is isolated from a tissue sample, it is reverse-transcribed to complementary DNA (cDNA). This cDNA is amplified using polymerase chain reaction (PCR) and fluorescently labeled. The labeled cDNA is then washed over the surface of a microarray, and binds to probes via complementary hybridization. The fluorescence of each spot gives an indication of how much cDNA is bound to it, and hence, how much mRNA of the corresponding sequence was present in the original sample. The fluorescence of each spot is quantified, and the resulting data is stored for analysis. Data from probes of each probeset are summarized to give probeset-level data. Probeset-level data roughly corresponds to genelevel expression data, although there are multiple probesets for some genes. Heatmaps are often used to visualize gene expression microarray data (FIG. 1) .
Microarrays enable high-throughput, cost-effective measurement of gene expression. 43 By examining gene expression patterns in relation to disease state, disease severity, or disease progression over time, differences in gene expression levels relevant to the disease can be identified. Such studies can provide insight into the generegulatory mechanisms of a disease, and also identify targets for pharmaceutical therapy. 44 Novel techniques and resources are enabling improved analyses of gene expression data in the context of neuroscience. 45 
GENE EXPRESSION IN TOURETTE SYNDROME
We have measured peripheral blood gene expression to investigate TS. 46, 47 Assuming that TS is caused by both genetic and environmental factors, gene expression may be an ideal level of investigation, because transcriptional regulation represents the interaction of genes and the environment.
Ideally, we would like to examine gene expression in brain tissue, but peripheral blood provides a much less invasive alternative. Changes in gene expression in the brain can be seen in peripheral blood through several mechanisms. Numerous biological pathways active in the central nervous system are also active to a measurable degree in white blood cells (e.g., those related to dopamine neurotransmission). Peripheral blood routinely interacts with the central nervous system across the blood-brain barrier. 48 -51 Finally, streptococcal infection and subsequent autoimmune responses may be involved in the pathophysiology of some TS individuals. 52 Quantification of gene expression in white blood cells may provide further evidence to support or discredit this claim. Indeed, a previous study by our group found that natural killer cell genes were overexpressed in the peripheral blood of TS subjects. 47 More recently, we examined blood gene expression in TS relative to medication status (submitted for publication). Because dopaminergic and adrenergic medications are effective in tic retreatment, we restricted our investigation to genes related to catecholamines or neurotransmission. Online databases are helpful in describing gene function, and we used two of them: 1) the Kyoto Encyclopedia of Genes and Genomes, 53 and 2) the Gene Ontology 54 database. We computed correlations between gene expression and tic severity for each gene. Some genes were only correlated with tic severity in TS patients who were not taking medications, and not in those who were taking medications. It is possible that the expression of these genes was affected by the patients' medications. In addition, several genes correlated with tic severity regardless of medication status. These genes could be related to tic manifestation, and their expression may not be affected by current medications. Thus, they may represent novel targets for pharmaceutical therapy in the reduction of tic severity. Finally, one dopaminerelated gene was correlated with tic severity in patients taking medications, but not in patients who were not taking FIG 1. Gene expression microarray heat map example. Heat maps are used to visualize gene expression data. This heat map shows the standardized expression levels of 68 genes in the peripheral blood of Tourette syndrome (TS) and control subjects. Subjects are arranged in columns; genes are arranged in rows. Blue ϭ control subjects; green ϭ lower gene expression; orange ϭ TS subjects; red ϭ higher gene expression.
medications. This pattern of expression is consistent with the fact that most of the medications in this study were dopamine antagonists, which are known to affect gene expression.
42
CHALLENGES AND FUTURE DIRECTIONS
There are several challenges to interpreting microarray data. The large size of the dataset is susceptible to false positives. Affymetrix Human Genome U133 Plus 2.0 microarrays consist of approximately 55,000 probesets, corresponding to approximately 35,000 genes. Thus, there are 55,000 data points per sample, and a significance level of p Ͻ 0.0001 would still be expected to yield a number of false positives by chance. Also related to the size of the dataset is the issue of multiple comparisons. When individual data is compared between samples, or averaged data is compared between groups, the probability of detecting at least one significant gene is greater because of the large number of comparisons being made. To account for this, the Holm-Bonferroni correction 55 can be used to adjust p values, making them more stringent based on the number of comparisons. However, many believe that the Bonferroni correction is too conservative for microarray data and prefer to use the Benjamini-Hochberg false discovery rate correction. 56 Alternatively, investigators may restrict their search to certain genes, which are chosen a priori. This method effectively reduces the size of the dataset and the number of comparisons to a more manageable number.
Another issue that arises in microarray data analysis is that of the batch effect. A variety of factors, including the time and place of microarray processing, can introduce variance into the results. Several studies attribute at least part of this effect to ambient ozone levels during microarray hybridization, washing, and scanning. [57] [58] [59] To correct for the batch effect, microarray experiments must be carefully designed, such that each microarray contains interleaved samples from each experimental condition. For example, if performing a case-control study, half of the samples on each microarray should be controls, half should be from the treatment group, and the samples should be interleaved. This ensures that the batch effect is not confounded with the factors of interest, and can later be accounted for using an analysis of covariance. 60 Exon arrays are a refinement of gene expression quantification technology. Genomic DNA consists of coding regions called exons, and noncoding regions called introns. Messenger RNA transcribed from DNA consists of several exons spliced together. However, the particular exons included in an mRNA can vary among transcripts of the same gene. This phenomenon is known as alternative splicing, and different transcripts from the same gene are known as splice variants. 61 Instead of measuring mRNA at the gene level, exon arrays consist of probes for every known exon. 62 Thus, they are sensitive to alternatively spliced isoforms of genes. In addition, due to the greater number of probes (6.5 million for Affymetrix exon arrays), each gene can be interrogated at many sites along its length, promising greater accuracy. It will be interesting to see whether the use of exon arrays will improve the quality of gene expression data, and whether analysis of alternative splicing will provide further insights into disease mechanisms and novel targets for pharmacotherapy.
